The product of the Drosophila melanogaster odd Oz (odz)\ Tenascin-major (ten-m) pair-rule gene consists of eight epidermal growth factor (EGF)-like repeats followed by a novel 1800 amino acid polypeptide stretch unique to proteins of the Odz\ Ten-m family. The structure and membrane orientation of this large enigmatic protein was characterized by raising and employing antibodies directed against discrete Odz polypeptide regions. Protein-modifying reagents impermeable to the plasma membrane were used in concert with the battery of antibodies to demonstrate that Odz is a type I transmembrane protein with the vast C-terminal portion in the intracellular space, and with the EGF repeats deployed extracellularly. The polypeptide was shown to undergo multiple cleavages at discrete intracellular and
INTRODUCTION
The segmentation of Drosophila melanogaster is achieved by hierarchical, sequential gene action to subdivide the anteriorposterior axis into a segmentally repeated field [1, 2] . Early zygotic genes that act in this hierarchy are gap and pair-rule genes, which nearly exclusively encode transcription factors. One very late-acting pair-rule gene is not obviously a transcription factor, but encodes a protein of unique sequence, odd Oz (Odz) or Ten-m (Tenascin major) [3] [4] [5] . Embryos homozygous for odz amorphic mutations display full loss, or fusion, of every second body segment. As is the case for most other segmentation proteins, Odz has many developmental roles after it directs segmentation, in both subsequent embryonic and post-embryonic processes [6] .
The odz gene has a second, relatively distant Drosophila homologue, the Tenascin-accessory or ten-a gene [7] . Recent data from the sequencing of the fly genome [8] suggests that this is a full-length homologue that arose by duplication during the insect (or arthropod) lineage. Odz\Ten-m homologues bearing 30-40 % identity to the Drosophila gene over its greater than 2700 codon length have been described in a variety of vertebrates [9] [10] [11] [12] [13] [14] [15] [16] [17] . While present in Caenorhabditis elegans [18, 19] and every animal examined to date, they have not been observed in unicellular eukaryotes or plants, and are absent in the completed genomes of Saccharomyces cere isiae and Arabidopsis thaliana [20, 21] . Odz\Ten-m family genes appear to be an adaptation specific to metazoans represented once per invertebrate genome (except for the duplication which probably occurred in the insect lineage; see above), and four times in every vertebrate genome. While no phenotypic effects have been reported for Odz mutations other than those of odz\ten-m in Drosophila, expression patterns in vertebrates in the central nervous system, peripheral nervous system, limbs, mesenchyme and even segmenting somites suggest conserved functional roles for members of this family.
Abbreviations used : odz, odd Oz gene ; ten-m, Tenascin-major gene ; EGF, epidermal growth factor. 1 To whom correspondence should be addressed (e-mail wides!mail.biu.ac.il). extracellular sites, and its extreme C-terminus was shown to undergo either processing at a very large number of sites or programmed degradation. The polypeptide is presented at the cell surface with additional post-translational modifications, and as two subunits of previously cleaved Odz joined by cysteine disulphide bridges maintaining their association. The model derived for the Odz protein is discussed in light of other models proposed for proteins of the Odz\Ten-m family, and in terms of functional implications.
Key words : EGF-like repeat, Notch, pair-rule gene, segmentation, signal transduction.
Although the molecular basis of segmentation may or may not be conserved among metazoans [22, 23] , pathways directing later developmental events certainly are conserved. This conservation, and the level of sequence conservation, implies that elucidation of the structure of one of the family members should inform the mechanistic and functional basis of all of the family members. The extent to which species-specific differences are significant is not yet clear.
The Odz\Ten-m Drosophila protein has eight epidermal growth factor (EGF)-like repeats followed by 1800 amino acids of sequence unlike any other eukaryotic protein outside of the family. Within the family, it can be seen that the sequence structure of the protein is conserved in virtually all domains, with minor differences for given domains. The EGF-like repeat domain of Odz\Ten-m proteins is most similar to the EGF-like repeat domains of the transmembrane protein families Notch, Serrate, Crumbs and Delta, and to the EGF-like repeats of the extracellular-matrix molecule tenascin. Thus by analogy to protein families with sequence affinities (in the EGF-like region alone), a range of very different structures is suggested for Odz\Ten-m proteins. The remaining bulk of the family's protein sequence provides scant clues for predicting function. Among the 1800 amino acid stretch, distant homology is shared with bacterial, Wap-like protein motifs, whose functions are not elucidated [24] . Other motifs in this region of the gene product have been suggested for single family members, but have subsequently proven not to be common to the family. An example is an RGD sequence in the Drosophila protein [25] . Therefore, outside of this small family of homologues, no other eukaryotic protein or gene families bear structural similarity to the 1800-amino acid stretch, and no sequence can be exploited as predictive.
Mutually exclusive models of the Drosophila Odz\Ten-m protein's structure were proposed when it was discovered; as a transmembrane type I protein [3] and as a wholly extracellular protein in the extracellular matrix [4] . On discovery of the vertebrate homologues, a type I protein form was proposed [14, 17] , as was a type II transmembrane protein form [9, 11] . All models agree that the EGF-like repeats are deployed extracellularly, as per all precedents. On the rest of the structure, and especially the location of the large C-terminal portion of the protein, the models are contradictory. At issue are a highly hydrophobic region of the protein N-terminal to the EGF-like repeats, viewed as a transmembrane domain versus a signalpeptide domain, and a hydrophobic region C-terminal to the EGF-like repeats, viewed as a transmembrane domain or as a stretch that is insufficiently hydrophobic to act as a transmembrane-spanning region.
Given the lack of precedents for the sequence domains in question, determining the protein's structure and deployment relative to the cell membrane empirically might prove to be one of the most important steps towards elucidating its mechanism of function. In this study we have produced and utilized a bank of seven antibodies against the Drosophila Odz protein to address its structure and deployment. From our results we present a model of a multiply cleaved protein with inter-subunit S-S cysteine bridges, which is present on the cell membrane as a type I transmembrane protein, and consider correlations with other proposed models.
EXPERIMENTAL Expression of Odz fusion proteins and determination of their bacterial location
Each of seven odz cDNA fragments were ligated into the polylinker site of the appropriate expression vector from the plasmid series pQE30, 31 and 32 (Qiagen). The appropriate vector among the series and proper insertion site were chosen in order to create each fusion protein with an N-terminal 6iHis tag fused in-frame to an Odz partial polypeptide. Fragments used were (using numbering of the GenBank Odz sequence, accession no. AF008228) : 700EC (extracellular), 1617-2217 bp BamHI\ BstYI plus polylinker fragment; 299EGF, 2461-2760 bp SphI fragment; 166ATM, 3663-3829 bp BstYI fragment; 334Y1(first tyrosine-phosphorylation consensus site), 4050-4373 bp BamHI plus polylinker fragment ; 489Y2, 4370-4859 bp BamHI\BstYI fragment ; 1329Y3\4, 5209-6538 bp BglII fragment and 912Y5, 6538-7430 bp BglII\BamHI plus polylinker fragment. Expression of the fusion proteins was induced by the addition of isopropyl β--thiogalactoside to JM109 transformants. All proteins were resolved by SDS\PAGE (8-15 % gels) and visualized by Coomassie Brilliant Blue stain.
Sub-stationary cultures of 6iHis-Odz transformants of JM109 were divided into two aliquots and harvested. One aliquot pellet was resuspended in sonication buffer (50 mM sodium phosphate, pH 7.8\300 mM NaCl). These samples were then frozen, thawed in cold water and sonicated briefly to lyse the cells. The lysates were then centrifuged at 10 000 g for 20 min to yield supernatants (crude extract fraction A, cytosolic soluble proteins) and pellets (crude extract fraction B, insoluble protein), which were resuspended in sonication buffer. The second cell aliquot was utilized for checking periplasmic localization. This aliquot pellet was resuspended into 30 mM Tris\HCl\20 % sucrose, pH 8.0\1 mM EDTA, and was incubated for 10 min at room temperature with shaking. The samples were harvested and resuspended into ice-cold 5 mM MgSO % . These samples were stirred for 10 min in an ice-water bath and harvested at 8000 g for 10 min. The supernatant of this spin was the osmotic-shock fluid (extract fraction C, periplasmic extract). Fractions A, B and C were analysed by PAGE and subsequent steps as mentioned below. All purification steps were performed at 4 mC.
Non-denaturing purification of 6iHis-Odz cytoplasmic and periplasmic proteins
Crude extracts A (cytosolic soluble proteins, see above) were added to 50 % slurry of Ni# + -nitriloacetic acid-agarose resin (Qiagen) equilibrated previously in sonication buffer. The resin and extract slurry were stirred on ice for 60 min, loaded into a 1.6 cm-diameter column, and washed with sonication buffer (flow rate, 0.5 ml\min) until the flow-through A #)! was less than 0.01. Another wash was carried out with wash buffer (50 mM sodium phosphate\300 mM NaCl\10 % glycerol, pH 6.0) until the flow-through A #)! was less than 0.01. Proteins were eluted with a gradient of 0-0.5 M imidazole in wash buffer. The resulting fractions were dialysed against two consecutive 1 litre changes of PBS.
Crude extracts C (periplasmic extracts) were dialysed against three 1 litre changes of sonication buffer before mixing the extracts with Ni# + -nitriloacetic acid-agarose resin as described above for cytosolic soluble proteins.
Production and purification of antibodies against 6iHis-tagged fusion proteins
Odz fusion protein containing fractions eluted from Ni# + -nitriloacetic acid-agarose resin columns were identified by SDS\PAGE and Coomassie Brilliant Blue staining. Purified protein (0.5-1.5 mg) was used either directly for immunizations (non-denatured) or for immunization after purification by excision after PAGE (denatured). These fractions were injected into guineapigs and rats for producing polyclonal antibodies, named according to the immunizing fusion proteins : 700EC, 299EGF, 166ATM, 334Y1, 489Y2, 1329Y3\4 and 912Y5.
Once antisera were raised, they were affinity-purified on columns containing Odz fusion-protein fragments. Briefly, 0.5-1.0 mg of purified 6iHis-Odz proteins were dialysed against 10 mM Mes, pH 6.0, and coupled to 1 ml of N-hydroxysuccinimide Affigel-10 columns (Bio-Rad) according to the manufacturer's protocol. The remaining activated groups were blocked with 0.1 M ethanolamine, pH 8.0. The affinity matrix was washed with 10 gel vol. of 10 mM Tris, pH 7.5, followed by 10 mM Tris, pH 7.5\500 mM NaCl, and then by 10 mM glycine, pH 2.5. Subsequently, washes were carried out with 10 mM Tris, pH 8.8, until the pH was neutralized, followed by 10 vol. of fresh 0.1 M triethylamine, pH 11.5, and 10 mM Tris, pH 7.5, for neutralizing\stabilizing the pH again. The affinity matrix for each protein was incubated with 5 ml of anti-Odz antiserum and washed with 10 mM Tris, pH 7.5, and 10 mM Tris, pH 7.5\ 500 mM NaCl. Antibodies were eluted with 100 mM glycine, pH 2.5, and neutralized immediately with a one-tenth vol. of 1 M Tris, pH 8.8. Alternatively, antibodies were eluted with 100 mM triethylamine, pH 11.5, and neutralized immediately with a onetenth vol. of 1 M Tris, pH 7.0. All purified antibodies were dialysed against two 2 litre changes of PBS. The monoclonal antibody mAb20, which specifically identifies Odz in Westernblot analyses, was raised as described previously [3] .
Western-blot analysis
Samples of protein (5-30 µg) derived from embryos, pupae, adults and S2-Schnieder cells were prepared rapidly as 1 : 2 dilutions with 2iloading buffer (50 mM Tris, pH 6.8, 1 mM EDTA, 4 % SDS, 25 % glycerol, 0.2 % Bromophenol Blue and up to 6 % 2-mercaptoethanol) in order to prevent post-harvest degradation of protein. Extract preparations were sampled and compared with equivalent small samples rapidly extracted directly into reducing sample buffers with 1 % SDS, which were boiled immediately or treated at 95 mC, as well as other regimens that prevent post-extraction degradation. The comparisons insured that the extraction methods did not introduce post-harvest degradation. When non-reducing conditions were used for PAGE, 2-mercaptoethanol was omitted from sample buffer. Western blots were performed by transfer to nitrocellulose membranes (NC-45 ; Schleicher & Schuell) in Tris\glycine buffer containing 20 % methanol for 2 h at 40 V in a Bio-Rad mini-gel transfer system. The membranes were blocked with 10 % low-fat milk in PBS\0.05 % Tween 20, incubated with polyclonal antibodies against Odz (dilutions, 1 : 300-1 : 500) or monoclonal antibody mAb20 (dilution, 1 : 2000) and developed with horseradish peroxidase-conjugated secondary antibody (dilutions, 1 : 5000-1 : 12 000) using the ECL detection system (Amersham Bioscience).
In order to compare antibodies on the same membranes, stripping of the nitrocellulose membranes was performed up to three times with the same membrane. Stripping was carried out in 62.5 mM Tris, pH 6.7, 2 % SDS and 100 mM 2-mercaptoethanol followed by extensive washes with PBS\0.1 % Tween 20. In order to ensure complete removal of the antibodies, the membrane was observed using the ECL detection system before reuse. These membranes were kept in PBS at 4 mC between immunodetection rounds.
Biotinylation of surface-protein determinants
S2-Schnieder cells were grown in 10 cm plastic tissue-culture plates to $ 60 % confluence. Three plates were used per sample (with or without biotin samples). Cells were washed four times with cold PBS-CMG (PBS\0.1 M CaCl # \1 M MgCl # \1 % glucose, pH $ 8.0). Fresh PBS-CMG (2 ml) with 0.5 mg\ml sulpho-NHS-biotin (Pierce) was added to each plate, then incubated at 4 mC for 20 min with mild shaking (as described in [26] ). As a biotin-free control, PBS-CMG was added to parallel plates and processed identically. The incubation (or control) solution was replaced with cold Schneider medium (Invitrogen-Gibco, Carlsbad, CA, U.S.A.) without serum to react with excess biotin, and was incubated at 4 mC for 15 min. Cells were washed four times in cold PBS-CMG and then lysed in 0.5 ml of lysis buffer\sample (150 mM NaCl\10 % glycerol\1 mM EGTA\20 mM Hepes, pH 7.5\1.5 mM MgCl # \1 % Triton-X-100). After addition of SDS to 0.2 %, 400 µl of each sample (with or without biotin) were used for precipitation with 20 µl of immobilized avidin (Pierce). Samples were incubated overnight at 4 mC and washed twice with 0.5 ml of lysis buffer plus protease inhibitors (Sigma) : 1 mM PMSF, 0.5 mM benzamidine, 1 µg\ml aprotinin and 1 µg\ml leupeptin. Samples were resuspended in 2isample buffer, boiled and subjected to PAGE and Western-blot analysis.
Digestion of surface-protein determinants with trypsin and proteinase K
S2-Schnieder cells were grown in 10 cm plastic tissue-culture plates to $ 60 % confluence. Cells were washed three times with cold PBS. An aliquot of the cells was incubated with 0.25 % trypsin, in PBS, at room temperature (22 mC) for 0-90 min and another aliquot was incubated with 0.25 % trypsin plus 0.1 mg\ ml proteinase K for 60 min. Microscopic monitoring of cells ' vitality was tracked with Trypan Blue throughout all time points. The digestion process was stopped by adding Schneider medium supplied with 10 % fetal calf serum. Cells were then harvested and the pellets were washed three times with PBS. Samples were resuspended directly into 2isample buffer, boiled and subjected to SDS\PAGE.
Immunoprecipitation of Odz from Schnieder cells
Cells were solubilized in ice-cold lysis buffer supplied with 1 mM PMSF, 0.5 mM benzamidine, 1 µg\ml aprotinin and 1 µg\ml leupeptin. The extract was centrifuged for 5 min at 12 000 g. Extract usually included 1 mg\ml protein, as measured in the Bio-Rad Bradford protein assay. Immunoprecipitation of Schnieder cells was carried out using 5 µl of mAb20 or 4 µl of the purified polyclonal antibodies 489Y2 or 700EC. The antibodies were incubated with 20 µl of packed Protein A beads for 1 h at 4 mC, followed by three washes with lysis buffer. Protein extract (200 µg) was added and incubated for 16 h at 4 mC, followed by two washes with lysis buffer and a last wash with 20 mM Hepes. The immune complexes were harvested, resuspended in 2iload-ing buffer and analysed by SDS\PAGE.
Heat shock of Odz transgenic flies
Activation of the complete odz gene coding region or partial odz (nucleotides 1-4260) by means of the heterologous Hsp70 promoter was carried out for several families (independent inserts of given transgene constructs) of trangenes. Adult flies of the age 3-8 days post-eclosion were placed in a 37 mC bath for 15 min, and then homogenized 2 h later in 2isample buffer, boiled and subjected to SDS\PAGE.
X-gal staining of embryos
X-gal staining was carried out on Canton-S, Samarkand and Df (3L)odzAL1\ftz-lacZ TM3Sb offspring embryos. The embryos were stained much as described previously [27] . The embryos were washed twice with PBS, then according to their staining or lack thereof, were separated as white (odz homozygotes) and blue [Df(3L )odzAL1\ftz-lacZ TM3Sb-(odz + ) or ftz-lacZ TM3Sb-(odz + ) homozygotes] embryos under a binocular dissecting microscope. Equal amounts of white\blue embryos were homogenized directly into 2isample buffer, boiled and subjected to SDS\ PAGE, followed by staining with Coomassie Brilliant Blue or processing in Western blots with appropriate antibody probes.
RESULTS

Odz fusion proteins prepared to use as antigens
The Drosophila odz\ten-m gene is transcribed as 10.5-11.5 kb messages [4] , which encode a 2731-amino acid protein [3, 5] . The initial characterization of the protein was carried out using monoclonal antibody mAb20, identifying a polypeptide corresponding to full-length Odz in Western blots. However, the predominant polypeptides detected in these analyses were of smaller reproducible size, suggesting a programmed cleavage of the Odz protein. In order to further our understanding of the structure of the Odz protein, it was imperative to create tools to recognize the various cleaved Odz species. Accordingly, we expressed polypeptides encoded by seven different portions of the odz coding region to serve as antigens to raise a panel of seven polyclonal antisera. A schematic juxtaposition ( Figure 1A ) aligns the landmarks of the Odz protein sequence with a delineation of the seven regions chosen as antigens to be expressed. Each of the seven partial Odz polypeptides was expressed in bacteria as a fusion protein with a 6iHis N-terminal tag. Fusion proteins were prepared in order to direct antibodies against : the region
Figure 1 Expression of discrete Odz protein regions used as immunizing antigens
(A) odz gene coding-region stretches selected for raising polyclonal antibodies. An alignment appears between the significant protein features (Odz protein, right), blocks of the coding region chosen to be expressed for antibody preparation (expressed subcloned domains, middle) and the restriction sites used for subcloning from odz (cDNA, left; restriction enzymes appearing in parentheses are those cases where restriction sites from the polylinker of the vector abutting the insert were used). The significant features of the Odz protein sequence are eight EGF-like repeats, bounded by two hydrophobic stretches (putative signal peptide and putative transmembrane). Five tyrosine-phosphorylation consensus sites (Y-P) and four glycosaminoglycan consensus attachment sites (horizontal bars) also occur. The sequence blocks chosen to be expressed in 6iHis expression vectors are named according to the number of that lies N-terminal of Odz EGF repeats (700EC) ; the EGF repeats (299EGF) ; the region just C-terminal to the EGF repeats which is highly conserved in Odz of all species (166ATM) and against four consecutive C-terminal regions each carrying at least one tyrosine-phosphorylation consensus site (334Y1, 489Y2, 1329Y3\4 and 912Y5). The region containing the epitope of mAb20, described above, appears on Figure 1(A) .
Each expressed fusion protein differentially accumulated in the bacterial cytoplasm, in the periplasmic space or in insoluble compartments in bacteria ( Figure 1B) . The fusion proteins were collected and purified from the appropriate fractions, and were then used as non-denatured or denatured antigens (see the Experimental section). Once purified on nickel-affinity columns and PAGE, the bacterial Odz fusion proteins were of the expected sizes ( Figure 1C) , except for the construct 299EGF, which ran at a size equalling that of a dimer (28 kDa). These bacterial extracts of the 299EGF construct, which encodes EGF repeats 3-8 of the Odz protein, were not run here under strong reducing conditions ( Figure 1C ), but the dimer size converts to monomer mobility under stringent reducing conditions (results not shown). The capacity of this portion of the Odz protein to self-dimerize via cysteine S-S linkages is an indication that the EGF-like repeat domains have an intrinsic ability to form homodimers. This is supported by predicted size-coassociated forms in Drosophila cells under non-reducing conditions (below), and in work on mouse Ten-m2 (Odz2) [11] .
Raising antibodies against discrete Odz protein regions and verifying their specificity
Each of the Odz fusion proteins was used to raise antisera in guinea-pigs, rats or both. Verification that the antisera raised contained specific anti-Odz reactivity was complicated by the fact that the Odz protein was detected predominantly as a multiply cleaved polypeptide. Consequently, Western-blot analysis for each antiserum was expected to primarily show Odz polypeptides of non-predictable sizes. Therefore, discerning between a serum's Odz-specific Western-blot reactivity versus potentially artifactual Western-blot signals could not be based on expected band mobility. We instead had to employ assays to stringently identify true Odz Western-blot bands of non-predetermined sizes. To do this, we prepared two pairs of genetically distinct sources of extracts which would provide conclusive Odz + and Odz controls.
The first pair was a system in which embryos were genetically marked : those with third chromosomes carrying both a wildtype odz gene and a ' blue ' (β-galactosidase-encoding) marker and those with third chromosomes carrying odz mutant alleles with no Lac-Z marker. The embryos carrying at least one odz + chromosome were distinguishable from their odz homozygous siblings by their blue colour when incubated with X-gal. Extracts of populations of hand-picked X-gal-stained odz (white) versus base pairs of coding region included in the construct and an abbreviation of some feature of the coding area. As such, they are : 700EC, 700 bp extracellular; 299EGF, EGF-like repeats ; 166ATM, after transmembrane ; 334Y1, 489Y2, 1329Y3/4, 912Y5, first-fifth tyrosinephosphorylation consensus sites. The equivalent scales for 300 bp and 100 amino acids are shown. The range containing the epitopes of the mAb20 monoclonal antibody is shown by a bracket labelled MAb20. 
Figure 2 Validation of Odz antibodies ' activity and specificity
(A) Homozygous odz embryos used to validate antibody specificity. Mixed embryos from heterozygous parents of the genotype Df (3L)odzAL1/ftz-lacZ TM3Sb were stained with X-gal, then separated by hand according to colour. Blue embryos contained at least one ftz-lacZ-TM3Sb (odz + and blue) third chromosome, and therefore at least one wild-type odz + allele. White embryos were odznull homozygous, and expressed no Odz protein. Protein extracts of each of the pools of embryos, odz and wild-type odz + (Blue) were subjected to PAGE. These gels were then either Coomassie Brilliant Blue-stained to monitor protein content (coom.) or were transferred and analysed as Western blots employing anti-Odz monoclonal antibody mAb20 to monitor Odz protein content (Odz Western). (B) Induced expression of Odz transgene in adults used to validate antibody specificity. A cDNA-based transgene expressing full-length Odz under heat-shock promoter control was driven to expression by heat shocking (h.s.) adult flies, which demonstrate very low levels of endogenous Odz expression. Protein extracts of flies that underwent heat shock (j) or not (k) were subjected to PAGE, followed by Western-blot analysis employing anti-Odz monoclonal antibody mAb20. Extracts of several families of flies carrying independent integrations of transgene were run. Odz full-length transgene in yellow white genetic background (YW/full cons.) families were assayed, as well as yellow white flies without the transgene (YW). Schneider S2 cell protein extracts were run in parallel (S2). (C) Purification of polyclonal antibody 489Y2 monitored by odz embryo-validation tool. To validate its activity and specificity to Odz protein, the polyclonal serum 498Y2 was utilized as a probe in Western-blot analysis before (before affinity col.) and after (after affinity col.) its purification. The protein extracts subjected to PAGE and analysed were prepared from visually inspected and hand-separated pools of X-gal-stained embryos. The embryos were blue and therefore carried at least one functional odz allele (w.t.), or were white and carried no functional odz allele (odz ) ; see (A) for more details.
odz + (blue) embryos were run side by side to discern true Odz Western-blot bands (Figure 2A ). Despite identical overall protein content, the odz extracts displayed no Western-blot reactivity with Odz antibody.
The second pair of genetically distinct sources of extracts provided the basis of an independent assay to identify true Odz bands which reacted with antisera. This approach utilized induced expression of a full-length form of the odz transgene (or a truncated form in alternative experiments), under the control of a heat-shock promoter (Hsp70). Expression of the transgene was induced at developmental stages when Odz was expressed at very low endogenous levels. Extracts from heat-shocked adult Hsp70-odz transgenic flies were compared with extracts from uninduced flies and extracts from wild-type flies ( Figure 2B ). Only very weak, and very low-molecular-mass, immunoreactive Odz material was detected in control flies, providing a low background level against which to observe the inducible and trackable Odz expression.
An example of proof that a given polyclonal antibody recognized specific Odz bands of previously unknown sizes can be seen in Figure 2 (C). Here too, testing of an antibody-purification regimen is demonstrated. By comparing the two left-hand lanes (before affinity-purification of the 489Y2 antibody) and the two right-hand lanes (after affinity-purification) in Figure 2 (C), bona fide Odz polypeptide bands are distinguishable from artifactual Western-blot signals. Similar purification regimens and rigorous tests were performed for all of the antibodies raised, and the results that follow are based on the use of antibodies with their specificity proven by one or both of the methods described here.
All anti-Odz antibodies primarily recognize high-mobility Odz forms, predicting specific cleavage sites
We have seen that very little full-length Odz protein is observed in Western blots using any anti-Odz antibody. Therefore, great lengths were taken to ensure that no post-harvest degradation or cleavage of Odz occured, and that the species of Odz visualized truly reflected the state of the protein before extraction from tissue-culture cells or flies (see the Experimental section). By cataloging the sizes of Odz fragments recognized by antibodies directed against each discrete region of the protein, a model of the cleavage sites utilized in its processing could be constructed. The antibodies 166ATM and 489Y2, directed against central portions of the coding region, detect a small amount of very large protein (300 kDa) whose size is consistent with fulllength Odz. However, these two antibodies primarily recognize a common subset of smaller polypeptides (Figure 3, top panel) . Detection of 65 and 75 kDa Odz fragment species was common to the two antibodies in both fly embryos and Schneider tissueculture cells. These two different fragments were generated either from an additional cleavage of the 75 kDa fragment to 65 kDa, or by other differential post-translational events leading to the two alternative mobilities. In contrast, only antibody 166ATM, with determinants N-terminal to those of 489Y2 (see Figure 1A) , detected a 105 kDa species and 45 kDa species, implying that these two Odz fragments contain regions of the protein encoded by more N-terminal-corresponding portions of the gene. These and other bands ' differential preponderance in embryos, Schneider cells and pupae (results not shown) indicates that a subset of the cleavage or other post-translational events vary in frequency at different developmental stages.
The predominant fragment sizes and antigen-determinant boundaries were used to deduce approximate cleavage sites of the Odz polypeptide, as shown in Figure 3 
Figure 4 Fragments recognized by antibodies directed against additional Odz regions
A cDNA-based transgene expressing full-length Odz under heat-shock promoter control was heat shocked (h.s.) for 15 min, followed by a 2 h recovery at room temperature, in adults, which have very low levels of endogenous Odz expression. Protein extracts of flies that underwent heat shock (j) or not (k) were subjected to PAGE followed by Western-blot analysis employing anti-Odz antibodies. Several independent families of flies carrying the Odz full-length transgene in a yellow white genetic background (YW/full cons.) were assayed, as well as yellow white flies without the transgene (YW). Figure 3 , bottom panel), two fragments that are also recognized by more N-terminally directed antibodies (see below).
Antibodies generated against more N-terminal portions of the Odz polypeptide, 700EC and 299EGF, likewise share between them recognition of products of an integrated series of cleavage sites ( Figure 4A for 700EC, Figure 4B for 299EGF, and see also Figure 3 , bottom panel). These two antibodies detected 300 kDa bands indicative of full-length Odz, but recognized more prominent Odz fragments of lengths 70 and 105 kDa. Antibody 700EC also recognized a band of 40 kDa, a product of internal cleavage of the 70 kDa protein which is not reactive to 299EGF. The 70\40 kDa fragments are the most N-terminal fragments mapped in the cleavage sequence (cleavage sites a and b in Figure 3 , bottom panel). The less prominent 105 kDa band is mapped to the same N-terminal cleavage site as that of the 70\40 kDa species, is fully inclusive of them, but extends more C-terminally (cleavages a and c in Figure 3, bottom panel) .
To integrate the cleavage sites of the N-terminal portion and the middle portion of the protein, a comparison was made between Western-blot bands common to the two pairs of antibodies (700EC and 299EGF versus 166ATM and 489Y2). By reacting antibodies 299EGF and 166ATM serially to the same filters, it can be seen that they detected 45 kDa bands with precisely the same mobility. Mapping is consistent with these two antibodies recognizing the same 45 kDa fragment ( Figures 4B  and 4C , cleaved at points b and d in Figure 3, bottom panel) . This fragment represents a polypeptide stretch beyond the
Figure 5 Mapping Odz protein fragments and mAb20 determinants using a C-terminal Odz truncation transgene
cDNA-based transgenes expressing a full-length Odz construct (FC) and a partial Odz construct of the 1120 N-terminal amino acids (PC) were placed under heat-shock promoter control. They were driven to expression by a 2 h heat shock (h.s.) in newly eclosed adults. Protein extracts of flies that underwent heat shock (j) or not (k) were subjected to PAGE followed by Western-blot analysis employing mAb20 anti-Odz monoclonal antibody. Extracts of yellow white flies without a transgene were run in parallel (YW), as were Schneider S2 cell protein extracts (S2).
70\40 kDa fragment recognized by the N-terminally directed antibodies (700EC and 299EGF) that overlaps the 75\65 kDa fragment recognized by the antibodies directed against central portions of Odz (166ATM, 334Y1 and 489Y2 ; Figure 3 , bottom panel). The assignment of these fragments and the positioning of the cleavage sites which generate them is strengthened by the Western-blot data generated with the anti-Odz monoclonal antibody mAb20. The boundaries of mAb20 recognition, especially its most C-terminal boundary, were sharpened by its reaction with a C-terminally truncated Odz transgene. As detected by mAb20, the larger Odz species encoded by the truncated transgene were reduced in size relative to the full-length transgenic protein (300 compared with 130 kDa). However, the smaller species were of unaltered mobility ( Figure 5 ). The small fragments' unchanged mobility in the truncation attests to their positions in the N-terminal 40 % of the protein encoded by the truncation. The truncated transgene had the capacity to encode the smaller fragments as mapped above, but not beyond them. The specific assignments and overlaps were substantiated further by immuno-purification of Odz protein on mAb20-affinity column matrix followed by Western-blot analysis carried out with the antibodies 166ATM and 489Y2 (results not shown).
The fate of C-terminal portions of the Odz polypeptide were more difficult to document, due to a larger number of cleavages observed when antibodies directed against this region were used. Antibody 1329Y3\4 reacted with a plethora of small bands, indicating either a very large number of cleavages or unavoidable degradation of those portions of the protein. Antibody 912Y2 did not yield clear Western blots even after extensive purification steps on immunoaffinity and antigen-linked columns. In both cases, indications were that the C-terminal portion of the protein is cleaved to an extensive degree, and that it is labile in the cell. The positions of the proposed cleavage sites relative to landmarks (EGF repeats, possible cleavage consensus sites and others) in the Odz protein sequence are shown in the Discussion section.
The overall conclusion, however, is that Odz is cleaved multiple times at reproducible sites, in the linear series shown in Figure 3 (bottom panel).
Cleaved Odz polypeptide fragments co-associate as heterodimeric subunits through cysteine bridges
A number of lines of evidence, including data from fragments immunoprecipitated with one Odz antibody, then analysed by Western blotting with different Odz antibodies, suggested that some pairs of Odz polypeptide fragments remained co-associated even after cleavage. To test whether Odz fragments were covalently linked through cysteine disulphide bridges, Western-blot analyses were carried out on fly and cell-culture protein extracts prepared in the presence or absence of reducing agents (dithiothreitol or mercaptoethanol). A significant percentage, and in some cases nearly all, of the prominent low-molecular-mass Odz fragment bands disappeared under non-reducing conditions ( Figure 6 ). The Odz-reactive material instead appeared as moreslowly migrating bands under non-reducing conditions when probed with the same Odz antibodies. Cleaved Odz of 70 kDa recognized both by mAb20 and 299EGF antibodies (and, as a 40 kDa further cleaved fragment, by mAb20) is instead seen at 250 kDa and to some extent at intermediate mobilities under reducing conditions ( Figures 6A and 6B ). This N-terminal portion 70 kDa fragment is covalently linked to larger polypeptides through a cysteine disulphide linkage. Purification of this fragment under non-reducing conditions, followed by reducing gels and detection of Odz fragments by antibodies, demonstrates that the covalent association is with other extracellular fragments of Odz (results not shown, and see results below with biotindecorated extracellular fragments). Reciprocal experiments with other antibodies concur, and it can be seen that the associations occur in fly tissues (pupae) with the same fragments as in tissuecultured cells. A single S-S bridge occurs between a relatively short portion of the N-terminal end of the protein (70\40 kDa) and the much larger C-terminal portion of the protein (various sizes, depending on the number of cleavages, and including 45 kDa), to make a heterodimeric bridge after the cleavage between the two portions (see Figure 8 , below).
Two independent methods verify that Odz is a transmembrane protein with extracellular EGF repeats and a long intracellular C-terminal region
Preliminary experiments showed that Odz is phosphorylated on tyrosine, supporting a type I transmembrane protein model of Odz, with a single transmembrane domain between extracellular EGF-like repeats and a long intracellular domain [3] . In contrast to these findings, Odz protein has also been discerned as a fulllength extracellular protein [4] . Subsequently, reports of vertebrate Odz homologues have supported evidence of a type II transmembrane protein [9, 11] with an N-terminal transmembrane-spanning stretch, which had previously been assigned [3, 4] as a signal peptide. We used two approaches to address the different antibody-reactive Odz fragments' positions relative to the cell membrane.
The first approach was to biotin-decorate all extracellular protein domains on viable, non-permeablized cells using sulpho-NHS-biotin [28, 29] . After neutralization of this reactive substrate and cell lysis under non-reducing conditions, biotinylated proteins were purified by avidin-based affinity chromatography, then were examined by Western-blot analyses using the panel of Odz antibodies. As an example under reducing PAGE conditions, the 70\40 kDa fragments recognized by mAb20 (and the same
Figure 6 Odz protein fragments associate under non-reducing conditions
Protein extracts were prepared and subjected to PAGE, then Western-blot analysis. Samples were prepared under reducing (red.) or non-reducing (non-red.) conditions (see the Experimental section). Black arrows point to Odz species associated entirely with larger complexes under non-reducing conditions, white arrows point to Odz fragment species which had a significant population with unchanged mobility under non-reducing conditions. (A) Association in pupae and Schneider S2 cells. Protein extracts were prepared from pupae and Schneider Cells and subjected to PAGE and Western-blot analysis with mAb20 anti-Odz antibody. (B) Association in Schneider cells; protein extracts were prepared and serial Western blots performed on the same filter, first reacted against polyclonal antibody 299EGF (left-hand panel), then stripped and reacted against mAb20 (right-hand panel). (C) Association in Schneider cells; protein extracts were prepared and serial Western blots were performed as in (B) but with 166ATM (left-hand panel) and then mAb20 (right-hand panel).
Figure 7 Mapping Odz protein fragments with respect to the cell membrane using reagents that modify extracellular polypeptides
(A) Accessibility of Odz fragments to extracellular reactive biotin. Intact Schneider cells were exposed to sulpho-NHS-biotin under conditions which allow only extracellular proteins to react with the reagent (see the Experimental section). After inactivation of the excess reagent, cells were harvested and crude protein extracts prepared. Avidin columns were used to purify all proteins covalently linked to biotin, then the purified fractions were subjected to PAGE and Western-blot analysis with antibodies mAb20 (left-hand panel), 489Y2 (middle panel) or 299EGF (right-hand panel). Crude Schneider protein extracts (crude S) before avidin-column purification were run on the same gels as the purification fraction (Ipp biotin j). A crude protein extract of embryos was run for comparison (embryo), as was a purified fraction of a Schneider crude extract from cells that had not been treated with sulpho-NHS-biotin (Ipp biotin k), to assess non-specific column binding. (B) Accessibility of Odz fragments to extracellular proteases. Intact Schneider cells were exposed to extracellular proteases under conditions in which the cell membrane was not compromised (see the Experimental section). After protease inactivation, cells were harvested and crude protein extracts prepared, followed by PAGE and Western-blot analysis with antibodies mAb20 (left-hand 
Figure 8 A model of the Odz protein as it appears on the cell membrane
The Odz protein is represented as a vertical bar, with blocks representing immunizing antigens, marked with the antigen/antibody names (700EC, etc.). The major cleavage sites are labelled as in Figure 3 , bottom panel (a-e), and the most prominent processed fragments are shown by arrows and marked with their sizes. Cleavage a corresponds to the position of the putative signal-peptide cleavage site. The EGF-like repeats and tyrosine-phosphorylation consensus sites (Y-P) are shown, as is a schematic representation of the cell membrane. Multiple cleavages documented in the C-terminal portion of the protein are not shown.
70 kDa by 299EGF antibody) were biotinylated and were captured by the avidin column, indicating that they are extracellular ( Figure 7A ). The 45 kDa fragment recognized by mAb20 is also at least partially extracellular ( Figure 7A ). In contrast, the 75 kDa (and 65 kDa further cleaved) fragment recognized by the 489Y2 antibody (as well as by 166ATM) were not biotinylated, were not bound by the avidin column and therefore did not appear among the biotinylated proteins when probed with the 489Y2 antibody ( Figure 7A ). The 75 (and 65) kDa fragment is either intracellular, or less likely, buried in the membrane to the point of being inaccessible to biotin. In the same analysis, the less-abundant, full-length Odz was recognized by the 489Y2 antibody ( Figure 7A ), as would be predicted for all anti-Odz antibodies by all models, given that some portion of full-length Odz is present in the extracellular space. All of the Odz antibodies did in fact recognize full-length Odz in this assay (results not shown). At the same time, it can be seen that additional nonabundant, essentially full-length Odz species exist that were seen in crude extracts and which were not biotinylated. These species are evidently nascent Odz forms which have not reached the cell surface, and are in transit to the cell's periphery in Golgi and in the endoplasmic reticulum. The characterization of this species parallels that of the large, not yet cell-surface ' presented ' forms of Notch, which have not yet been cleaved to yield its plasma membrane form [26] .
All antibodies directed against coding portions C-terminal of a boundary within the 166ATM determinant recognized Odz fragments in crude extracts which were not accessible to biotin by this assay, and which are therefore intracellular. Those directed against protein regions N-terminal of the 166ATM region either recognized only extracellular (accessible to biotin) short fragments (299EGF and 700EC), or both extracellular and membrane-spanning fragments (accessible to biotin; 166ATM and mAb20). This places a transmembrane domain firmly between the 299EGF and 166ATM determinants (see Figure 7A ).
An excellent correlation with these data was seen when a second method was employed to assess antigen-determinant position with respect to the cell membrane. In this independent method, live cells were treated with levels of protease in their medium titrated to achieve maximal levels of activity without compromising the cell membrane, assuring degradation of only extracellular proteins, or extracellular portions of transmembrane proteins [30] . The proteases were then neutralized, cells were lysed and Odz antibody Western-blot analyses were carried out to assess which detectable Odz polypeptides were susceptible to proteolysis, hence establishing their intracellular, extracellular or partially extracellular positions. As can be seen with increasing levels of trypsin and proteinase K, the 70\40 kDa fragment is fully susceptible to proteolysis, indicating that it is extracellular ( Figure 7B ). Contrast this with the 75 kDa fragment that is entirely resistant to the proteases in the medium exposed to the extracellular space ( Figure 7B ). These results are fully consistent with the results obtained by the biotinylation method ( Figure 7B and results not shown).
In contrast, the 45 kDa fragment was largely unaffected by the proteases, with some diminution, and a slight downwards shift in mobility. This is in fact seen in the same lanes in which the 70\40 kDa fragments completely disappeared over the protease time course ( Figure 7B , left-hand panel). As a result, we model this fragment as being transmembranal, with only its N-terminal portion extending into the extracellular space (Figure 8 ). The slight downward shift in mobility of the 45 kDa fragment represents less than a 5 kDa change, and appears as a smear, as might be expected for proteolysis of a short protein terminus accessible to protease action. We therefore model the 45 kDa fragment as ' protruding ' only slightly into the extracellular space. At the same time, this fragment was very efficiently captured by avidin-column purification, despite only a limited extracellular surface that could be decorated by biotin moieties. However, the extracts purified on avidin columns were maintained under non-reducing conditions, and the efficiency of the 45 kDa fragment capture was significantly due to its cysteinebridge attachment to extracellular Odz fragments (primarily 70 kDa ; see Figure 8 ). The deployment of other portions of the protein, and the consistency of this data with that of other studies and with sequence motif landmarks, can be seen in the Discussion.
DISCUSSION
A model of the Drosophila Odz protein as a type I transmembrane receptor
By assessing molecular masses, position with respect to the cell membrane, association by cysteine linkages and other post-translational modifications of processed Odz fragments, we have derived a model of Odz protein (Figure 8 ). The smallest resulting ' end-point ' processed fragments remain the primary focus of the description, for brevity and simplicity. Yet, these end-point cleavage fragment sizes can be treated additively to combine to yield the larger fragment sizes expected from processing at less than the full complement of cleavage sites. The sizes are consistent and correlated between the results of all of the antibodies used.
The most N-terminal fragment described, of 70 kDa (with a subspecies of 40 kDa), is a fully extracellular Odz fragment accessible to the extracellular protein-modifying agents, reactive biotin and proteases (Figure 8) . We have also determined that this is the only fragment characterized that is glycosylated, with mannose-containing moieties, as demonstrated with concanavalin A-horseradish peroxidase conjugate binding (results not shown). This is consistent with its predicted glycosaminoglycan attachment consensus sites and extracellular assignment. The fragments ' N-terminus is mapped to the most N-terminally located cleavage site in the model (Figure 8, cleavage a) . This falls at a position in the sequence corresponding to the highly hydrophobic N-terminal stretch predicted to be a signal peptide [3, 4] . In fact, all Odz fragment sizes recognized by the N-terminally directed antibodies are consistent with a cleavage at this prospective signal-peptide site ( Figure 3 , bottom panel, cleavage a). The observed size of the 70 kDa fragment is consistent with a protein fragment spanning from the signal peptide to a point shortly before the second hydrophobic, membrane-spanning stretch (see Figure 8) , predicted by the sequence. The 70 kDa fragment is modelled as a discrete portion of the protein positioned to contact Odz-interacting proteins via the EGF-like repeats.
Located immediately C-terminally is a 45 kDa fragment of Odz spanning the plasma membrane ( Figure 8 ). This is a processed product with only a small terminal portion accessible to extracellular protease. Its efficient capture on avidin columns after Odz reaction with extracellular reactive biotin was at least partially dependent on mediation by a cysteine-linked 70 kDa fragment under non-reducing conditions. The placement of the bulk of the 45 kDa fragment in the intracellular space is also fully consistent with the additional post-translational modifications detected. It is not glycosylated with mannose-containing moieties, and is phosphorylated on tyrosine (results not shown, and [3] ). Its association with the extracellular 70 kDa processing product is supported by the paired antibody assessments performed. Whereas the 45 kDa species is the end-point product when all cleavage sites are utilized, this fragment is modelled as reaching the cell surface as part of a longer processed product, including the continuation of the C-terminus of Odz.
The sequence of the 45 kDa protein fragment overlaps with a further C-terminal end-point cleavage Odz fragment of 65 (or 75) kDa. This processing product is completely inaccessible to the extracellular protein modifiers tested. The 65\75 kDa fragments are tyrosine-phosphorylated, like the 45 kDa fragment, and are not glycosylated, like the 70 kDa (40 kDa) fragment (results not shown). As a result of the large number of species detected, we did not model the protein beyond the 489Y2 determinants, or the N-terminal half of the protein (see Figure  8) . Instead, the C-terminal half of the Odz protein, which all antibodies show as being reduced to very small fragments, is seen by us to be altered by a very large number of cleavages or, possibly, degradation within the cell (1329Y3\4 and 912Y5 ; results not shown). The overview is a type I protein that is delivered to the plasma membrane after extracellular cleavage. By this model, the heterodimeric protein of two subunits linked by a cysteine bridge is further cleaved intracellularly, perhaps in concert with its signalling function.
N-terminal membrane-anchor findings and other Odz/Ten-m family protein models
The strongest hydrophobic stretch within all Odz\Ten-m proteins occurs 250-400 amino acids from the predicted start codons of every known homologue. These stretches are interpreted as signal peptides (Figure 8) [3,4,14,17] , or as transmembrane domains [9, 11, 15] . The presence of large polypeptide domains (30-50 kDa) before this hydrophobic stretch mark these domains as unusually long to be slated for degradation as ' presignal ' domain sequences. Furthermore, as homologues in additonal species are discovered, it has become clear that sequences are weakly conserved between the different homologues. This makes their fate as degraded leaders even more unlikely. In this study, however, we did not prepare any antibodies or analyse any data pertaining to this region.
Previous work on mouse homologue Ten-m2 (Odz2) provided evidence that the very N-terminal portion of the protein is not discarded, is anchored by the N-terminal hydrophobic stretch and is intracellular [11] . This evidence underpins the argument that Ten-m2 is therefore a type II transmembrane protein, and the authors argue that the C-terminal 90 % of the protein is extracellular. The second, weaker, transmembrane stretch we predict in Odz\Ten-m proteins is considered in that analysis to be insufficient to act as a membrane-spanning domain. In contrast, our model does not directly treat the fate and position of this N-terminal end of the protein. Rather, it is mapped to be cleaved from the rest of the Odz polypeptide, which is then inserted into the membrane as a type I protein via the second transmembrane stretch. Our model and that of Ten-m2 [11] do concur in placing the EGF-like repeats extracellularly. However, besides the role of cleavage, the core difference in the models is based on our strong evidence that the C-terminal 70 % of the Odz\Ten-m proteins (including tyrosine-phosphorylated protein fragments) are intracellular, showing that the second hydrophobic stretch does span the membrane. In fact, in the case of Drosophila Odz, our reactive biotin and protease-digestion approaches indicated that there is no prominent cell-associated C-terminal domain species of Odz that are extracellular. While it is unprecedented, it is possible that both Odz hydrophobic stretches act a membrane-spanning anchors. After cleavage, Odz\Ten-m proteins could be presented on the plasma membrane with an N-terminal portion oriented as a type II polypeptide, and the C-terminal portion as a type I polypeptide, with or without co-association.
It is also possible to reconcile these mutually exclusive descriptions by proposing that Drosophila Odz\Ten-m and Ten-m2 (Odz2) of mammals are deployed differently with respect to the cell membrane. This is not likely, given the highly conserved nature of the Ten-m\Odz gene family. Alternatively, the fact that the homologues, especially those of the mammalian species, have splice variants, makes it possible that alternative protein model forms exist in animals of both phyla, but that the type I form predominates in Drosophila while the type II protein predominates in mice. In any case, an Odz protein deployed to two different sites is assumed to signal in two very different manners, with the EGF-like domain contacting partner proteins in the extracellular space perhaps being the only mode of action common between the models. Additional reagents and approaches must be applied to resolve discrepencies between these models, especially for the extreme N-terminal and C-terminal regions of the proteins. Odz protein structure
Possible functional implications of type I Odz structure
The sequences encoding the N-terminal stretch, hydrophobic domains, EGF repeats and tyrosine-phosphorylation consensus protein sequences are present in all Odz\Ten-m family proteins in the same positions, and are therefore likely to function in the same manner in all species. In genome-wide comparisons, the odz\ten-m gene family shares no significant homology with any other eukaryotic genes outside of the EGF repeats. Therefore, based on its protein sequence alone, it is a truly unique protein class, sharing only the closest EGF homology with a number of very different transmembrane (Notch, Serrate and Crumbs) and extracellular-matrix (tenascin) protein families. Nonetheless, based on its protein structure as a heterodimeric type I protein deployed as outlined in this paper, there are structural similarities to the protein Notch (among the families mentioned above) suggested, which might imply functional conservation and mechanistic similarities. Both Notch and Odz\Ten-m are cleaved before arriving at the cell surface, and are then deployed with the EGF-repeat bearing regions anchored to the cell via S-S cysteine bridges to more C-terminal domains as heterodimeric type I transmembrane proteins [26, 31] . Just as in for the case for Notch, uncleaved forms of Odz which are inaccessible to extracellular modifying reagents, which represent forms of the protein in transit in the endoplasmic reticulum and Golgi en route to the cell surface, are detectable [26] . Most importantly, there are subsequent C-terminal cleavages of Notch which potentiate its primary mode of signalling [32] , with tyrosine phosphorylation as only an additional secondary modulation. While no evidence exists that any portion of Odz translocates to the nucleus, at least the intracellular cleavages are similar to those of Notch, and might share mechanistic conservation. This will be an important starting point for asking further questions about the function of Odz. As one indication of the potential of these modifications to embody events mediating signalling, we see that Odz at different developmental stages, pupal and embryonic, is cleaved and phosphorylated to different extents. These stage-sensitive posttranslational events might represent modifications involved in signalling by the protein, which change with signalling status.
